Development of vaccines that are both safe and effective remains a costly and time-consuming challenge. To accelerate the pace of development and improve the efficacy and safety of candidate vaccines for both existing and emerging infectious agents, we have used a distributed development approach. This features the managed integration of individual expert groups having the requisite vaccine platforms, pre-clinical models, assays, skills and knowledge pertinent to a specific pathogen into a single, end-to-end development team capable of producing a new vaccine tailored to that particular agent. Distributed development focuses on integrating existing effort across multiple institutions rather than developing new capabilities or consolidating resources within an individual organization. Previously we have used the distributed development strategy to generate vaccine candidates for emerging viral diseases. Coxiella burnetii is a highly infectious and resilient bacterium and the causative agent of Q fever. Treatment for Q fever can require months of antibiotics. The current vaccine for Q-fever is only approved in Australia and requires prescreening due to the potential for severe reactogenicity in previously exposed individuals. Here we discuss QVaxCelerate, a distributed development consortium for the development of a new vaccine to prevent Q fever.
Background
The complexity of vaccine development, which requires diverse expertise, infrastructure, and access to key reagents and technologies, presents scientific and logistical challenges to investigators involved in this process. One strategy for addressing the multiple requirements for a successful vaccine program is the use of a distributed development model, where academic and industry groups partner to integrate relevant domain expertise and technological assets to complete a vaccine development program. Previously we described how a distributed development model was used to meet the unique needs of rapid response vaccines for emerging infectious diseases (EID). 1 Here we apply our previous experience to address the need for a less reactogenic and efficacious vaccine for Coxiella burnetii.
C. burnetii is a gram negative obligate intracellular bacterium and the causative agent of Q fever in humans. C. burnetii can form a spore-like small cell variant that exhibits remarkable resistance to heat, pressure, and ultraviolet inactivation. Infection with C. burnetii can result from as few as 1-10 bacteria, often by inhalation of fomites from infected animals, although ticks may also act as transmission vectors. Within 9-40 d post exposure, approximately half of infected individuals exhibit Q fever symptoms that include profound headache, chest and joint pain, fever, and fatigue, along with respiratory and gastrointestinal symptoms. 2, 3 Treatment for Q fever requires weeks to months of doxycycline or selected fluoroquinolone antibiotics. 4 Patients who are pregnant or are infected with strains resistant to first line antibiotic therapies require more carefully managed care. A subset of patients develop persistent Q fever, typified by endocarditis or other localized infection, fatigue or malaise, and requiring antibiotic treatment that may range from 1.5 y to lifelong. 5, 6 Consequently, the preferred means of infection control for C. burnetii is vaccination of at risk populations. The current vaccine, Q-VAX Ò (Commonwealth Serum Laboratories Ltd.), is approved for human use only in Australia and requires prescreening as vaccination can elicit severe reactogenic responses in individuals previously exposed to the bacterium. [7] [8] [9] Acellular vaccine formulations generated via chloroform-methanol or trichloroacetic acid extraction can also elicit adverse reactions, though more recent formulations exhibit improved safety profiles in pre-clinical testing. 8 An outbreak of Q fever centered in the Noord Brabant province of the Netherlands underscored the challenges associated with Q fever treatment and vaccination. As many as half of infected individuals may experience mild symptoms and not seek medical attention, thereby precluding a diagnosis of Q fever. 10 As a result the application of a broad vaccination program with Q-VAX Ò to curb the outbreak faced logistical hurdles due to the need to pre-screen all prospective vaccinees. In addition, compliance with long term antibiotic treatment can be challenging to monitor. Thus, there is a need for a new Q fever vaccine with an improved safety profile that elicits a robust and protective immune response. 7, 8, 11 The United States Defense Threat Reduction Agency identified the need for a new Q fever vaccine since service personnel deployed to endemic regions are at particular risk. To address this need, we undertook an approach informed by our prior distributed development efforts with a rapid response platform targeting influenza and Lassa fever.
1 Q-VAX Ò is an inactivated whole cell preparation, components of which, likely contribute to the reactogenicity observed in some patients. 8 In lieu of an attenuated or inactivated vaccine, we opted for a platform to deliver epitopes that we predicted would generate C. burnetii specific T-cells and potentially protect against Q fever. In addition, the epitopes presented can also be selected to minimize cross or self reactive epitopes and thereby limit one class of potential adverse reactions to vaccination. The design and assessment of candidate vaccines also anticipates factors important to regulatory approval, including data management, the use of 2 animal model test systems and vaccine platform selection.
Q-VaxCelerate consortium
Q-VaxCelerate Consortium partners each address specific project requirements and objectives, and include 3 academic groups and 2 biomedical industry groups ( Fig. 1) . Epivax is an immunoinformatics company with demonstrated expertise in the identification, selection, and evaluation of target epitopes. InnatOss, a biotechnology company based in Oss, Netherlands, near the geographic epicenter of the 2007-2011 Q fever outbreak, has developed a diagnostic test for cell mediated immunity against C. burnetii and provides access to human donors previously exposed to C. burnetii. 21
st Century Biochemicals provides high quality peptide synthesis for immunoassays and provides technical expertise regarding the design and validation of peptide concatemers. The Vaccine and Immunotherapy Center (VIC) at Massachusetts General Hospital incorporates the use of cytometry by time of flight mass spectroscopy (CyTOF) to conduct high dimensional analysis of both human and murine mononuclear cell samples. Dr. Richard Bucala's laboratory from Yale provides significant experience with RNA replicon vaccine platforms that can be tailored for specific antigens. Dr. Richard Bowen's laboratory from Colorado State University (CSU) is proficient in the development of animal models to study the pathology, vaccination, and treatment of infectious agents under biosafety containment. VIC also provides an experienced project management team to coordinate scientific and administrative tasks.
Vaccine development approach
The mechanism of the immune response to C. burnetii remains an active area of investigation, with a consensus view that Tcell mediated immunity is essential to controlling the pathogen and that B-cell responses can augment T cell responses to expedite control of infection. 12 To develop a novel C. burnetii vaccine with an improved safety profile, the Q-VaxCelerate consortium is pursuing a peptide based vaccine using parallel evaluation of candidates in both human donor samples and a mouse model of C. burnetii infection (Fig. 2 ). An epitope targeted T-cell vaccine approach was selected to eliminate the presence of intact lipopolysaccharide proteins that are thought to contribute to whole cell C. burnetii vaccine reactogenicity and, through downselection of homologous epitopes, to minimize cross reactivity with host and microbiome proteins. 13, 14 Immunoinformatic prediction of candidate epitopes
To identify candidate T-cell epitopes Epivax first conducted in silico analysis of available C. burnetii genome sequences and identified peptides predicted to bind either human MHC I or MHC II. Predicted epitopes were curated to eliminate peptides with significant homology to human or commensal bacteria sequences. The resulting selected set of epitopes were then syn- thesized and screened for in vitro MHC binding to further refine the candidate pool for advanced testing in biological systems.
Candidate epitope evaluation
The in silico analysis of C. burnetii genomic sequence identified putative MHC I and MHC II epitopes. Synthesis of peptides containing the candidate epitopes allows for evaluation in biological systems to identify those peptides capable of binding cognate receptors and eliciting C. burnetii-specific responses. Three specific assessments are performed. Peptides are screened for antigenic ex vivo recall responses in lymphocytes from donors with known prior exposure to C. burnetii. Donors from a well described cohort from the village of Herpen, where the first cases of the 2007-2011 Q fever outbreak were reported, provide blood samples from both C. burnetii exposure positive and negative donors as determined by antibody and IFNg production. 4, 11, [15] [16] [17] Concurrently, candidate peptides are evaluated in a guinea pig model of reactogenicity to minimize the probability of adverse reaction to the selected peptide epitopes. 18 Candidate peptides are then selected for immunogenicity testing in mice on the basis of donor peptide stimulation efficacy and reactogenicity profile in guinea pigs. These selected peptides are then evaluated for immunogenicity and protection using a humanized murine model of C. burnetii.
Assessment of murine models of C. burnetii vaccination and infection
To further explore the immune response to C. burnetii infection and vaccination, CSU and VIC work together to investigate and compare 2 murine model systems. The infection and vaccination studies are conducted with C57Bl/6 mice, both wild-type and a transgenic strain in which the MHC II has been replaced by human HLA-DR3. As the epitope predictions are on the basis of human MHC binding, pre-clinical testing in a transgenic humanized MHC murine module enables peptide evaluation to validate immunogenicity and guide downstream selection. Though C57Bl/6 mice are less sensitive to C. burnetii infection than Balb/c mice, both immune responses and pathological measures can be quantified. 19 In addition both wholecell inactivated and sub-unit vaccines elicit protection from C. burnetii infection in C57Bl/6 mice. 8, 20, 21 Serial blood sample collection through the course of vaccination and infection enables CyTOF profiling of the immune response in mice. A particular advantage to this technology is the capacity to assay >37 parameters simultaneously, which allows for the profiling of numerous immune cell types across a range of cytokine and activation markers from <200 microliters of blood. The comparison of the wild-type and HLA-DR3 mice provides important validation of the model systems and highlights any differences resulting from the transgenic expression of the human MHC II allele that may influence outcomes of subsequent assessments. In addition, the capacity to conduct serial sampling and broad immunoprofiling from study animals may provide important insights into key timepoints and markers associated with successful vaccination and enhanced control of infection.
Assessment of human donor immune responses to C. burnetii exposure
The immunostimulative capacity of candidate peptides can be assessed by incubation of donor blood with peptide. Samples from C. burnetii exposure positive donors and na€ ıve donors are incubated with candidate peptides and responses measured in an interferon-g ELIspot assay to evaluate epitope antigenicity and possible correlations to patient outcome. Importantly, the donor pool is well defined, with characterization through measurement of C. burnetii antibodies and ex vivo interferon-g production in response to stimulation with killed whole C. burnetii. Donors can then be selected to best represent the diversity of HLA genotypes. To investigate the heterogeneity of human immune responses, the ex vivo immune responses of donors with diverse clinical outcomes can be interrogated using traditional flow cytometry and CyTOF, and the resting and challenge response of donors can be compared.
The data from peptide stimulation and inactivated C. burnetii stimulation of donor blood provide insight into the immunogenicity of candidate peptides and the diversity of immune responses from donors with a history of sub-clinical and clinical infections or no infection. The results of these studies may identify immune hallmarks unique to individuals who exhibited robust control of C. burnetii infection as compared to patients who required clinical intervention. Identification of peptide antigens or cell responses that correlate to particular clinical outcomes can inform the design of a vaccine candidate to promote an immune response that correlates with superior responses to C. burnetii infection. Investigation of these donors may also reveal allele specific responses that correspond to a more or less favorable protective immune profile.
Delivery of peptide vaccine
Several considerations influence the selection of a delivery method for peptide vaccines including requirement for adjuvant, capacity to deliver multiple peptides, risk of vector integration, and durability of peptide presentation. The prototypical peptide vaccine delivery in model systems utilizes some version of a prime/boost vaccination protocol with an adjuvant such as complete or incomplete Freund's adjuvant or alum. However, this approach is not amenable to regulatory review. An alternative to the delivery of synthesized peptides is the use of vector platforms that incorporate nucleic acid sequence to deliver target peptide(s) and may be comprised of purified DNA or RNA, or a modified viral genome. 22 RNA vectors are less stable DNA platforms though they eliminate concerns of DNA integration into the host genome. RNA replicon systems based on RNA virus genomes are modified to remove the pathogenic potential while retaining replicative capacity to extend the length of peptide presentation. A challenge in the use of nucleic acid vaccines seen in vaccines for both microbes and cancer arises from the need to deliver multiple epitopes to elicit effective responses. 20, [22] [23] [24] [25] The identification and selection of peptides that are both effectively processed and presented (antigenic) and elicit protective immune responses (immunogenic) often relies on bioinformatic approaches that are continuously refined. [26] [27] [28] In addtion, the delivery platform must effectively produce peptides that can then be presented. EpiVax has developed a robust set of tools to address epitope prediction and selection. 13, 14, 29 Dr. Bucala's laboratory at Yale has made extensive use of RNA replicons to develop candidate malaria vaccines. In this effort, a concatemer of selected C. burnetii peptides are integrated into the RNA replicon, which can be delivered both in vitro and in vivo to evaluate peptide production, toxicity, stability and immunogenicity.
Conclusion/next steps
To date the Q-VaxCelerate consortium has completed the in silico selection and HLA binding assessments of candidate peptides. Concurrently human donors were characterized for the presence of anti-C. burnetii antibodies and cytokine production in response to ex vivo stimulation. Ongoing work is now evaluating the response of donor samples to stimulation with candidate peptides. Simultaneously, we have determined the infectious dose of C. burnetii for C57Bl/6 and HLA-DR3 mice and conducted killed whole bacteria vaccination and challenge studies to confirm protection and establish baseline responses. Data from ongoing analysis and future experiments will be used to assess the immunogenicity and protection conferred by candidate peptides in the mouse model and to further investigate responses from human donors that represent the cross-section of clinical groups associated with C. burnetii infection.
From the work completed, we have come to appreciate that a distributed development consortium research requires frequent, clear, critical and open communication between partners, particularly with respect to studies dependent on coordinated execution at 2 or more sites. In addition there are risks posed by application of innovative technologies such as CyTOF or novel applications of existing technologies such as in silico epitope prediction and replicon vaccine platforms previously used for expression of protein rather than peptide concatemers. These challenges must be discussed openly and continuously, and carefully managed with clear inclusion/exclusion metrics and alternative approaches in place. Otherwise, the ability to deliver within the constraints of budget and time can be compromised.
The Q-VaxCelerate consortium comprises more than 20 individuals from more than 6 academic and industrial organizations with a range of expertise and experiences that would be difficult to recapitulate in a single laboratory. The inclusion of various groups and role of individual researchers is primarily on the basis of their expertise. However, a clear benefit is also derived from areas of shared experience: immunoassay design, animal models of infectious disease, or constraints of working in biocontainment. Shared areas of experience can prevent silo-ing, reduce project risk, In particular, we have found that a multi-center multi-disciplinary team improves the real-time troubleshooting, facilitates critical assessment and interpretation of data, and improves experimental design and optimization, particularly where portions are completed by more than one research site. Our prior experience with consortium approaches is consistent with Q-VaxCelerate, where integration of multiple experimental systems and research groups with established expertise provides efficiencies of time and cost that would not readily be attainable in a single center. The primary goal of the consortium is to generate, under a constrained timeline, a vaccine candidate that exhibits a favorable response profile with respect to both immunogenicity and safety in pre-clinical models. In parallel, we seek to generate novel insights into the immune response to C. burnetii vaccination and infection in both humans and small-animal model systems. Finally, the implementation of a distributed consortium approach may serve as a template for projects involving other multi-center multi-disciplinary teams.
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